Within a recently proposed classically conformal model, in which the generation of neutrino masses is linked to spontaneous scale symmetry breaking, we investigate the associated phase transition and find it to be of strong first order with a substantial amount of supercooling. Carefully taking into account the vacuum energy of the meta-stable minimum, we demonstrate that a significant fraction of the model's parameter space can be excluded simply because the phase transition cannot complete. We argue this to be a powerful consistency check applicable to general theories based on classical scale invariance. Finally, we show that all remaining parameter points predict a sizable gravitational wave signal, so that the model can be fully tested by future gravitational wave observatories. In particular, most of the parameter space can already be probed by the upcoming LIGO science run starting in early 2019.
I. INTRODUCTION
Right-handed neutrinos are among the best-motivated particles of beyond-the-Standard Model physics. Their role in explaining light active neutrinos [1] [2] [3] [4] , the baryon asymmetry of the universe [5] , or dark matter [6] makes them a key player in many theories of new physics. However, their mass scale remains a priori completely unclear. In fact, reflecting the aforementioned variety in applications, well-motivated scenarios suggest masses ranging from a few keV all the way up to the GUT scale at about 10 16 GeV [7] . Obviously, if right-handed neutrinos are above the TeV scale, their direct detection at current or near-future colliders is not possible. Alternative experimental strategies allowing to test such high-mass scenarios are thus highly desirable.
One such approach is motivated by the landmark discovery of gravitational waves in 2016 and 2017 [8] [9] [10] : Since right-handed neutrino masses may be generated in a first-order cosmic phase transition, they may well be linked to the production of a stochastic gravitational wave background observable in current or future experiments [11, 12] . Thus, a complementary indirect handle on probing the aforementioned mass scale becomes available.
In this context, the present article will discuss a recently proposed class of models, which suggests yet another potential virtue of (heavy) right-handed neutrinos. Namely, the authors of Refs. [13, 14] demonstrated that right-handed neutrinos with Majorana masses of order 10 8 GeV may also play a crucial role in stabilizing the Higgs mass and thus in solving the infamous gauge hierarchy problem. To be slightly more precise, it was proven that in the absence of a bare Higgs mass term, the Standard Model scalar potential can still be correctly reproduced via radiative corrections due to integrating out the heavy right-handed neutrino degrees of freedom. The large hierarchy between the electroweak and the Majorana mass scale is thus explained in a technically natural way [15] by linking it to the smallness of the Dirac neutrino Yukawa coupling.
However, the underlying concept of neglecting one explicit mass term while retaining another is, of course, not renormalization group invariant, and hence calls for a symmetry-based justification, ideally in a UV-complete framework, which does not reintroduce severe parameter fine tuning. Along these lines, a minimal renormalizable model based on classical scale invariance has recently been proposed in Ref. [16] . Here, the Majorana mass scale is generated spontaneously from a conformal tree-level Lagrangian via perturbative quantum effects.
In the present paper, we will show that the associated cosmic phase transition -hereafter referred to as the scale phase transition -is necessarily of strong first order and thus involves a considerable amount of supercooling. The corresponding gravitational wave signal is therefore expected to be sufficiently strong to be testable at both existing and planned observatories. Interestingly, consistency of the model in [16] requires its fundamental scale to be above 10 7 GeV, suggesting that even ground-based experiments like LIGO can be sensitive [17] .
Let us finally remark that, even though we will focus on the concrete model of Ref. [16] in the present study, we expect qualitatively similar results for any realization of the basic idea of Ref. [13] within a classically scale-invariant extension of the Standard Model. In all such models the Majorana mass scale of order 10 7 GeV has to be spontaneously generated in a cosmic phase transition, which is generically anticipated to be of strong first-order in theories based on nearly conformal dynamics [18] [19] [20] [21] [22] .
The paper is structured as follows. Section II provides a brief summary of the considered model. Based on that, we will then study the model's scale phase transition in Section III. In doing so, we will particularly stress how requiring that the aforementioned transition actually completes, yields a powerful means of narrowing down the viable parameter space. Subsequently, in Section IV we calculate the stochastic gravitational wave background resulting from the scale phase transition and compare it with the sensitivities of various experiments [23] [24] [25] [26] [27] . We finally discuss our results and conclude in Section V.
II. THE MODEL
In this paper we study gravitational wave signatures from the first-order phase transition in the classically scale-invariant model introduced in Ref. [16] . There, the authors provide a conformal framework in which both neutrino masses and the Higgs potential arise due to the presence of right-handed neutrinos. Namely, after the spontaneous breaking of scale invariance in which the Majorana masses of right-handed neutrinos are dynamically generated, the active neutrino masses are obtained through the type-I seesaw mechanism [1] [2] [3] [4] , whereas the Higgs potential stems from quantum effects, i.e. loops of heavy right-handed neutrinos. The latter requires suppression of the tree-level mass term µ 2 H † H which is naturally realized in scale-invariant models. The authors of Ref. [16] applied robust numerical methods to find whether it is simultaneously possible to: (i) satisfy the cosmological bound on the sum of neutrino masses [28] , (ii) obtain the low-energy parameters of the Higgs potential not to deviate from their Standard Model (SM) values by more than 1 %, and (iii) have no Landau poles below the Planck scale. The positive result was reported [16] and the foremost upshot was a lower bound on the vacuum expectation value (VEV) of the scalar field S that breaks scale invariance
Hence, besides the electroweak and the Planck scale, in this framework a novel scale, v s , is introduced and it sets the masses of all beyond the Standard Model degrees of freedom. It is worthwhile noting the absence of the hierarchy problem [29] [30] [31] [32] . Classical conformal symmetry protects the separation between v s and the Planck scale, whereas small lepton portal Yukawa couplings of the SM Higgs are relating the electroweak scale and v s . In what follows, we briefly introduce the model [16] by putting an emphasis on the one-loop effective potential containing the Coleman-Weinberg term [33] as well as the leading thermal contributions [34] . Above the conformal symmetry breaking scale the model's Lagrangian is given by
Here, H and L are the SM Higgs and lepton doublets, N R denotes right-handed neutrinos, whereas S and R are gauge singlet real scalars. The coupling y M parametrizes the strength of the Yukawa interaction between S and N R , while y ν is a lepton portal coupling crucial for generating both active neutrino masses and the Higgs potential. The tree-level scalar potential V tree from Eq. (2) reads
where we implicitly assumed R to have an odd charge under some Z 2 symmetry in order to simplify the expression by only including terms with even number of R fields. Scale invariance must be broken as otherwise the model would not predict massive particles that have been observed in numerous experiments. We assume that, at the scale Λ, the S field develops a finite VEV, i.e. the following arrangement is achieved
Applying the analytical procedure introduced by Gildener and Weinberg [35] , it is possible to obtain Eq. (4) in a rather elegant way, without brute-force numerical treatments. The necessary condition that we obtain reads
The radiative breaking of conformal symmetry induces O(Λ) masses for N R and R fields. For convenience and later usage, we define here field-dependent masses instead
where the Higgs-field-dependent terms are omitted due to rather small couplings of the new particles to SM (λ HR , y ν y M , λ SR ∼ O(1) ; for more information on the magnitude of the couplings in the model see Table I in Ref. [16] ).
With the potential that develops a flat direction along the S field axis ( H = R = 0) we infer that the only relevant term in the tree-level potential is λ S S 4 which, however, vanishes at the scale Λ due to the Gildener-Weinberg requirement in Eq. (5). Hence, the leading contributions to the scalar potential are realized at the quantum level. The one-loop, daisy-improved finite temperature effective potential reads
Here, V CW is the renormalized Coleman-Weinberg potential which in the MS scheme reads
where the field-dependent tree-level masses from Eq. (6) and the Gildener-Weinberg functions [35] ,
are used. The one-loop thermal contribution V FT is given by
with the thermal functions
Finally, including resummed daisy graphs leads to the last term in Eq. (7) V daisy (S,
with the thermal mass Π R (T ) = (6λ R + λ SR )T 2 /6. Note that we consistently ignored fieldindependent terms in writing down all of the above expressions. In all calculations, we will furthermore normalize the effective potential such that it vanishes at S = 0 for all temperatures.
III. PHASE TRANSITION IN THE MODEL
As we have argued in the last section, one of the distinctive features of the considered model is that the mass scale of right-handed neutrinos must be dynamically generated. In the following, we will demonstrate, that this necessarily involves a transition from a high-temperature phase with a classically scale-invariant ground state, S = 0, to a low-temperature phase where scale symmetry is spontaneously broken by quantum fluctuations, S = 0. Importantly, not only the existence of a scale-symmetry-breaking phase transition (PT), but also its properties are of major interest for gravitational wave phenomenology and will therefore be discussed in the present section. The relevant quantity to explore the model's phase structure more closely is the finitetemperature effective potential V eff introduced in Section II. Based on Eq. (7), we can therefore examine how thermal fluctuations change the theory's true groundstate, which is determined by the global minimum of V eff . To that end, Fig. 1a shows the aforementioned minimum as a function of temperature for the two benchmark points in Table I . The observed behavior is characteristic for a first-order PT, where at a critical temperature T c there exist two degenerate minima separated by a potential barrier. Above this temperature, classical scale-invariance is restored by thermal fluctuations, i.e. v s = 0, whereas the symmetry-breaking minimum v s = 0 is energetically favorable below T c . Importantly, Fig. 1a not only reveals the PT's order, but also sheds light on its strength by providing the quantity v c /T c , where v c := v s (T = T c ) is the non-trivial minimum at the critical temperature. A first-order PT is typically referred to as strong if v c /T c 1, which is satisfied by both of our benchmark points. In fact, we found that all of the parameter points we investigated a priori suggest the existence of a strong first-order PT, see Table I . (b) Transition strength v c /T c for a comprehensive parameter scan (for details, see Figure 1 in Ref. [16] ). Only for parameter points within the red-shaded area the phase transition was found to actually complete (cf. also footnote 3 on page 7).
As is well established, a first-order PT proceeds via the nucleation of bubbles of the true vacuum v s = 0, which then grow inside an expanding universe in the metastable phase, where the system is still at v s = 0. Correspondingly, the transition's actual dynamics is crucially determined by the nucleation rate Γ of the aforementioned bubbles, on the one hand, and by the Hubble parameter H, on the other hand. Strong first-order phase transitions, as they are predicted by theories based on nearly conformal dynamics, are additionally known to involve a sizable amount of supercooling [18, 36, 37] , implying that bubble nucleation can only start at temperatures considerably below the critical one. Importantly, the energy density in the supercooled phase is then dominated by the energy stored in the scalar field, which entails a (potentially short) epoch of vacuum domination [18] . In extreme cases, the thus induced inflationary expansion of the universe may even prevent the bubbles from percolating, so that the transition cannot complete [18, 36, 37] . In order to derive robust statements when investigating cosmic phase transitions in a classically scale-invariant model, it is therefore absolutely crucial to carefully take into account the aforementioned vacuum energy contributions. Still, they are frequently ignored in comparable studies in the literature.
After these more general remarks, let us now explicitly discuss how to calculate the quantities of interest, starting with the bubble nucleation rate, or, equivalently, the decay rate of the false vacuum Γ. Since in our model, the potential barrier separating the true from the false vacuum I . Benchmark points used throughout the paper. All dimensionless couplings are to be understood as MS parameters evaluated at the Gildener-Weinberg scale Λ. For the corresponding critical temperatures T c , see Fig. 1a . The nucleation and reheating temperatures T n and T * are defined in Eqs. (19) and (22), respectively.
vanishes at zero temperature, Γ can be computed as [38] 
where
is the three-dimensional Euclidean action of the theory evaluated for the O(3)-symmetric so-called tunneling or bounce solution S b (r). The latter solves the equation of motion for the scalar field S,
subject to the boundary conditions S → 0 as r → ∞ and dS/dr = 0 at r = 0 with r being the radial coordinate of three-dimensional space. Throughout this work, we use the public code CosmoTransitions [39] to solve Eq. (14), as well as to compute the Euclidean action S 3 . In doing so, we always check and confirm that, for a given temperature T , the corresponding bubble radius 2 r(T ) satisfies r(T ) · T 1 [38] , thus justifying the applicability of Eq. (13). Let us continue by calculating the Hubble parameter H for some temperature below the critical one. It is then given via Friedmann's equation in terms of the radiation and vacuum energy densities ρ rad and ρ vac , namely
A few comments on Eq. (15) are in order. First, M Pl denotes the reduced Planck mass, M Pl = 2.435 · 10 18 GeV, while g * = 106.75 is the effective number of relativistic degrees of freedom in the thermal plasma at temperatures below T c but above the electroweak scale. Next, the quantity ∆V (T ) := V eff (0, T ) − V eff (v s (T ), T ) is the potential difference between the metastable minimum at S = 0 and the stable one at S = v s (T ) = 0. Thus, it is a measure for the energy stored in the scalar field. By definition, ∆V (T ) vanishes at the critical temperature and will be small for temperatures T T c . However, as soon as T T c , we expect v s (T ) v s (T = 0) in accordance with Fig. 1a and ∆V (T ) can be well approximated by its zero-temperature value,
where we used Eqs. (7) and (8) to find the last relation. We will apply this approximation throughout the paper. For the following, it is furthermore instructive to determine the temperature T vac , below which the Hubble parameter, and thus the expansion of the universe, is dominated by the vacuum term in Eq. (15), i.e.
where we employed Eq. (16) . Numerically, the above equation yields
2 We tend to find rather thick-walled bubbles, for which the bubble radius is not well-defined. As a measure for r(T ) we choose the value of r, at which the scalar field has dropped to half of its maximum value.
where we definedB := 32π 2 B, which we will see to attain values between 0.1 and 0.3 for all viable parameter points. In particular, Eq. (18) therefore demonstrates that T vac is always about an order of magnitude smaller than v s and thus also than the critical temperature, see also Fig. 1a .
With the nucleation rate Γ and the Hubble parameter H given in Eqs. (13) and (15), we are now in the position to determine the nucleation temperature T n , which is defined as the temperature for which on average one bubble per horizon volume is produced, i.e.
Obviously, a finite T n is a necessary condition for the phase transition to proceed. Parameter points, for which Eq. (19) has no solution, are hence ruled out. An explicit calculation in our model indeed reveals that only regions of parameter space with moderate PT strength -namely v c /T c < 5 -are viable in the above sense (cf. the red shaded area 3 in Fig. 1b) . Just as expected, the nucleation temperature for the corresponding points is throughout much smaller than the critical one, see also Table I . Note furthermore that the consistent implementation of our model as described in Section II requires that the Higgs potential is radiatively generated before the electroweak phase transition takes place. We will therefore additionally require T n > T EW = O(100 GeV). However, it turns out that the aforementioned condition is not very restrictive and is automatically satisfied by almost all points for which Eq. (19) can be solved.
Let us briefly dwell on the issue of whether or not the scale phase transition can complete. How to answer this question was recently discussed by the authors of Ref. [37] . To this end, they mainly concentrate on the so-called percolation temperature T p instead of on the nucleation temperature T n of Eq. (19) . Redoing their full calculation of T p for our model, we only find quantitative but no qualitative differences with respect to T n . In particular, both temperatures are always of the same order of magnitude and satisfy T p T n . The authors of Ref. [37] additionally provide a condition (their Eq. (2.26)) to determine whether the phase transition can actually finish, given a period of inflationary expansion of the universe. We also checked this criterion to find that for many of our parameter points it is satisfied already at T p , while for almost all other points it is fulfilled at some temperature lower than T p , but above T EW .
Once the nucleation temperature is computed via Eq. (19), a few other quantities relevant for gravitational wave phenomenology can straightforwardly be determined. First, a measure for the inverse duration of the phase transition is given by
Numerically, we obtain values of β/H ranging between 3 and 10 for all consistent points. The scale phase transition in our model is therefore predicted to be of relatively long duration, but still fast compared to the expansion of the universe and the corresponding temperature variations. Note that the observed relations T n T c and β/H O(10) characterizing a strongly supercooled yet finite PT can only be satisfied without parameter tuning in models based on nearly conformal dynamics [18] . Besides, following Ref. [36] and defining we find that β few β holds for all considered viable parameter points, which justifies the applicability of the approximate formulas used to calculate the GW spectra in Section IV.
A further crucial quantity is given by the vacuum energy released during the transition normalized to the energy density of the relativistic thermal plasma, i.e.
For the strong scale phase transition in our model, where T n T vac , T c , Eq. (21) explicitly demonstrates that α must always be much larger than one.
At the end of the phase transition, the aforementioned vacuum energy is initially stored in the gradient of the, now massive, scalon field S. In order to prevent the universe from being matter-dominated for too long after the transition 4 , the model presented in Section II needs to be slightly extended so as to allow the decay of S into Standard Model degrees of freedom. There exist multiple ways to do so without interfering with any of the model's features described in the previous section. The simplest scenario is the introduction of a new right-handed neutrino that is lighter than S. In a first step S would then decay to the new fermion species which would subsequently decay into lepton and Higgs doublets. We have checked that in a substantial portion of this extended model's parameter space the decay rates are larger than the value of the Hubble parameter at T n , implying a fast reheating of the thermal plasma to a temperature T * . Again, we would like to stress that this is not the only option how to augment the model and achieve a radiation-dominated universe after the PT. Various minimal extensions of the model could not alone serve for such purpose but also explain the origin of dark matter [41, 42] and inflation. Such cases are currently investigated and will be presented in a future publication.
Here, we merely use that for sufficiently fast reheating, energy conservation implies that H(T n ) H(T * ) ≡ H * and thus [37] 
where we used α 1 and Eq. (21) to obtain the final result. The reheating temperature as predicted in our model is shown in Fig. 2 , which shows that it is very nicely described by the analytical formula of Eq. (18) .
IV. STOCHASTIC GRAVITATIONAL WAVE SIGNAL
After the detailed description of the first-order phase transition in our model, we finally move on to the leading aspect of the present work which is the associated gravitational wave signature. Before collisions, bubbles are spherically symmetric and, so that gravitational waves cannot be produced. They only arise when bubbles collide via one of three distinct production sources: (i) collisions of shells of the scalar field S [43] , (ii) sound waves [44] , and (iii) magnetohydrodynamic turbulences [45] in the plasma following bubble collisions. In our model α 1 and, as discussed in Section III, the phase transition happens during the vacuum-dominated epoch [37] . Then, it is well-known that gravitational waves are dominantly produced from collisions of the bubble walls [26] while the other mechanisms can be safely ignored. In order to estimate the gravitational wave signal's strength we employ results from numerical simulations which use the so called "envelope approximation" [46] . The stochastic gravitational wave spectrum is
where κ is the fraction of the vacuum energy that is converted into the gradient energy of the S field, v w is the bubble wall velocity and the gravitational wave peak frequency reads [47] f peak = 16.5 · 10
Hz .
In our model κ ≈ 1 and the bubble wall velocity approaches the speed of light, i.e. v w → 1 [48] . Given such high velocities as well as the dominance of the vacuum energy at the phase transition, the scenario under our consideration is usually referred to as "runaway bubbles in vacuum" [49] . Let us note that the gravitational wave spectrum depends only on β and T * since any α dependence drops out in the α 1 limit. In Section III we have discussed how these parameters are obtained and here we will present results for all sampled parameter points which are consistent with a successful phase transitions, as well as with the basic requirements of the model (see Section II or Ref. [16] ).
We have shown in Eq. (18) that T * can be expressed in terms ofB and v s , which is also numerically demonstrated in Fig. 2 for the parameter points that are compatible with the scale phase transition's successful completion. In Fig. 3 we show the peak frequency f peak in the v s -B parameter space. This figure seemingly does not qualitatively differ from Fig. 2 where T * is shown in the same plane. However, while in Fig. 2 one can see a clear separation between points of different color (i.e. different T * ), which simply stems from the aforementioned analytical relation in Eq. (18), this is not the case in Fig. 3 . There, overlapping points of different color arise due to the additional parameter appearing in Eq. (24), namely the inverse of the phase transition's duration β, which introduces a mild but non-trivial dependence on the model parameters y M , λ SR and λ R . For our viable parameter points, the values of β/H * indicate a reasonably fast phase transition.
After reviewing the spectrum of stochastic gravitational waves in our model (see Eq. (23)), we would now like to quantify the discovery potential at relevant current and near-future gravitational wave detectors for each viable parameter point in our model. As representatives for ground-based observatories we study LIGO [8] and Virgo [50] . The observing runs which we consider are O2 (2016-17), O3 (2019-20) and "Design" (2022+), where in brackets we denote the years in which a given run is conducted. As we have explicitly checked, the overall sensitivity of the LIGO-Virgo network to stochastic background in all of the aforementioned phases is dominated by the two LIGO detectors. In what follows, we will therefore mostly refer to LIGO, although Virgo contributions are included in our calculations. Currently, LIGO is upgrading the detectors and will commence its O3 stage in February 2019. Apart from LIGO and Virgo, we also confront the gravitational wave spectra from our model with the sensitivities of space-based detectors, namely LISA [26] , Big Bang Observer (BBO) [51] , and DECIGO (two stages: B-DECIGO and FP-DECIGO [52] ). Following the literature, we define the signal-to-noise ratio (SNR) as (see e.g. [53] )
where t obs denotes the duration of an observation in seconds, while f min and f max define the experiment's bandwidth. The quantity Ω noise (f ) h 2 represents the effective strain noise power spectral density for a given detector network, expressed as energy density parameter [54] . For the space-based observatories mentioned above, we adopt the strain noise power spectral densities from Refs. [55] [56] [57] . For LIGO and Virgo, on the other hand, we follow Ref. [25] . Calculating Ω noise generally also requires knowledge of the frequency-dependent normalized isotropic overlap reduction functions γ for each detector pair in the network. For the LIGO-Virgo network the γ functions can be found e.g. in Ref. [58] . For all space-based experiments we assume t obs = 5 years, while the durations of the different LIGO runs are set according to Refs. [25, 59] (for each LIGO stage we additionally assume a duty cycle of 50 % [59] ). Note that the expression for SNR in Eq. (25) must be multiplied by a factor of 1/ √ 2 for LISA and B-DECIGO to account for the fact that these experiments perform autocorrelation measurements based on a single detector in order to search for stochastic gravitational waves. Let us furthermore remark that, in principle, the contribution of unresolvable astrophysical foregrounds (neutron star, black hole, white dwarf mergers) should be included in the denominator of Eq. (25). However, it was shown in Ref. [60] that there is no unresolvable foreground in the f > O(1 Hz) frequency range which is preferred by the parameter points in our model.
Sensitivity contours 5 for all studied experiments are plotted in Fig. 4 where we also show the gravitational wave spectra Ω GW (f ) h 2 for the two benchmark points (BP1 and BP2) given in Table I . Clearly, LIGO is most sensitive in the 10 Hz to 100 Hz frequency range, whereas the space-based detectors will be able to also probe smaller frequencies. The stochastic gravitational wave signal for ) to O(100 Hz) range (see Fig. 3 ) with an associated peak energy density of order 10 −8 . Hence, the majority of the parameter points can already be tested in the upcoming LIGO observing run. The displayed power-law integrated sensitivity curves were constructed according to Ref. [53] assuming SNR thr = 10 for space-based experiments, and SNR thr = 2 for LIGO, respectively. Further information can be found in the main text below Eq. (25) . the parameter point BP1 marginally intersects the O2 sensitivity contour and the corresponding SNR is 2.7. Importantly, BP1 nicely demonstrates that parameter points in our model can have f peak at frequencies where LIGO is most sensitive. Furthermore, it can be easily obtained from Eq. (23) that for a typical value β/H * ∼ 10, Ω GW (f peak ) h 2 is around 10 −8 . This can also be seen in Fig. 4 for both benchmark points. Therefore, by looking at the sensitivity curves from Fig. 4 , one may infer that all parameter points with f peak in the 10 Hz to 100 Hz region will be tested in LIGO's O3 and "Design" phases. In contrast, due to a peak frequency of only roughly 1 Hz, BP2 is much less likely to be successfully probed by LIGO. However, both considered stages of the future space-based observatory DECIGO, as well as the BBO experiment would still be sensitive.
The shape of the gravitational wave spectrum can be easily understood from Eq. (23). Namely, for f f peak , Ω GW (f ) h 2 is proportional to f 2.8 , whereas in the high-frequency region, f f peak , the gravitational wave signal drops less steeply Ω GW (f ) h 2 ∝ f −1 . This can also be inferred from Fig. 4 for both of our benchmark points. Let us note that even though causality implies that the signal should increase with the third power in the low-frequency limit [61] , f 2.8 yields a better fit to the simulated data and is therefore commonly employed in the literature [26] .
Determining the precise value of SNR for which a stochastic gravitational wave background can be reliably detected in a given experiment (hereafter denoted as SNR thr ) is beyond the scope of the present paper as it is related to experimental aspects which we do not study. Following Ref. [26] as a representative work on space-based detectors (see also recent [62, 63] and references therein), as well as Ref. [59] for LIGO, we infer that SNR thr = 10 may be generally regarded as a conservative estimate. For experiments that have several phases such as LIGO and DECIGO we simply calculate SNR values for each phase independently, without taking into account cumulative effects. This already robustly demonstrates during which phase a given parameter point can be tested. In particular, since LIGO's O2 phase is much less sensitive than O3, the combination of the two does not yield significant improvement with respect to O3-only. The left (right) panel of Fig. 5 shows for all viable parameter points and for the aforementioned observing runs whether SNR exceeds 5 (10) . The color code is indicated in the figures. If multiple phases of the experiment satisfy the given SNR requirement, the parameter point is plotted in the color associated with the earliest phase. For instance, the blue points in the left panel of Fig. 5 denote parameter points which produce SNR > 5 in LIGO's O2 run. Clearly, SNR in the O3 and "Design" stages will then automatically exceed 5, yet the color corresponds to the O2 phase. The appearance of black points in both panels signals that the considered SNR cannot be reached by any phase individually. If SNR thr = 10 is indeed a realistic signal-to-noise ratio for an actual discovery of stochastic gravitational waves, we infer from Fig. 5b that a large portion of parameter space (about 85 % of all viable points) will be tested in LIGO's forthcoming O3 phase. Let us note that our conclusion is effectively unaltered if we set SNR thr = 5, as can be seen from Fig. 5a . Lastly, there are only few parameter points (blue color) that can already be excluded by the O2 run assuming SNR thr = 5 is appropriate. By comparing Figs. 3 and 5, we learn that the parameter points which will be hard to test in O3 exhibit peak frequencies that are either f peak < 10 Hz or f peak 100 Hz. In these regions, LIGO's sensitivity is weaker as can be deduced from the black curves in Fig. 4 . This is also seen by comparing the left and right panels of Fig. 5 : Increasing the considered SNR threshold value from 5 to 10, several points at both edges (with highest and lowest peak frequencies) turn black, i.e. their SNR does not exceed 10 for any of the LIGO stages.
In analogy to Fig. 5 , the plot in Fig. 6 shows the SNR thr = 10 case for the considered DE-CIGO stages (early B-DECIGO and FP-DECIGO). Again, using the sensitivities in Fig. 4 it is straightforward to understand this figure. The FP-DECIGO phase is more sensitive in all frequency regions. In particular, for peak frequencies larger than about 100 Hz we observe green points indicating testability only by FP-DECIGO. This is because for highest peak frequencies the gravitational wave spectrum only marginally intersects B-DECIGO's sensitivity curve, while it significantly overlaps with FP-DECIGO's. Hence, B-DECIGO will probe points with lower peak frequencies, whereas FP-DECIGO is sensitive to the full parameter space assuming SNR thr = 10 as a realistic detection threshold. The same is true for BBO whose sensitivity at least matches that of FP-DECIGO for all frequencies, while around O(1 Hz) it even yields a significant improvement. In contrast, LISA is not particularly sensitive (SNR thr > 10 is not achieved for any parameter point) because frequency-wise LISA is more appropriate to test TeV-scale new physics.
In conclusion, after reviewing the stochastic gravitational wave spectra and methods to quantify their testability, we demonstrate that our model can be probed by both ground-and space-based observatories. Given the preference for high scales (v s > 10 7 GeV), detection of gravitational waves from the first-order scale phase transition is essentially the only option to test the considered model since we cannot access such high energies in any conventional particle physics experiment.
V. SUMMARY AND CONCLUSIONS
In this paper we further investigated the framework introduced in Ref. [16] . There, the authors proposed a UV-complete, scale-invariant model in which both neutrino masses and the Higgs potential originate from the effects of right-handed neutrinos whose Majorana mass terms dynamically develop through the spontaneous breaking of classical conformal symmetry. The heavy right-handed neutrinos then give rise to nonzero active neutrino masses through the type-I seesaw mechanism, while the Higgs potential is generated at the quantum level, namely from the loops in which the neutrinos propagate.
In the present work, in addition to the Coleman-Weinberg effective potential, we considered leading thermal contributions for the purpose of a detailed investigation of the phase transition associated with the breaking of the model's scale symmetry. We found that the phase transition is of strong first order, which implies a significant supercooling. We inferred that the universe becomes vacuum-dominated at temperatures which are roughly an order of magnitude smaller than the critical one. The vacuum energy dominance induces an epoch of exponential expansion of the universe which renders bubble nucleation more difficult. In particular, we found that there is a large portion of the model's parameter space which can be excluded due to the failure of the scale phase transition.
For the remaining parameter points which yield a successful phase transition, we have considered a phenomenological signature: the stochastic gravitational wave background induced by bubble collisions. Since the lower bound on the VEV of the scalar field that breaks scale invariance is 10 7 GeV, the typical gravitational wave frequencies are much larger in comparison to those associated with TeV-scale phase transitions. For the latter, space-based detectors such as LISA are most sensitive, whereas our model can be robustly probed by ground-based detectors. Remarkably, the upcoming science run of LIGO will test practically the full parameter space of the considered model. If this model was chosen by Nature, then the gravitational wave signature is the only method which can lead to a successful discovery as the new physics particles are too massive to be produced in current and near-future colliders.
